INTRODUCTION {#s1}
============

Cryptococcosis is a deadly mycosis affecting mostly immunocompromised individuals caused by infection by one of two species complexes: Cryptococcus neoformans or Cryptococcus gattii ([@B1]). Both species are widely found in the environment, with most C. neoformans isolates associated with avian guano ([@B2], [@B3]) and C. gattii isolates mostly arboreal ([@B4], [@B5]). When the infectious agents are species typed, C. neoformans versus C. gattii infection rates are similar in non-AIDS patients ([@B6]). In contrast, AIDS-associated cryptococcosis is mostly caused by C. neoformans, despite evidence for similar environmental availability of C. neoformans versus C. gattii ([@B6]). In fact, most modern AIDS ([@B7]) and AIDS-associated cryptococcosis cases are in tropical areas where C. gattii is enriched, but even in these areas, the clinical imbalance of C. neoformans versus C. gattii remains ([@B1], [@B6], [@B8]). Thus, we posited that some aspect of HIV host infection selects C. neoformans over C. gattii.

Type I interferon (t1IFN) is a family of cytokines initially studied for their induction during viral infection. Indeed, HIV infection induces high t1IFN ([@B9][@B10][@B11]). Initial studies described t1IFN induction of antiviral activities ([@B12], [@B13]); however, more recent studies showed that t1IFN impacts nonviral infectious settings ([@B14]). Previous work in our group showed that exogenous induction of t1IFN improved host outcomes against several *Aspergillus* species ([@B15]) and against C. neoformans ([@B16]). t1IFN signaling leads to coordinated regulation in hundreds of IFN-responsive genes, but only a small fraction of these have been characterized ([@B17]). Additionally, t1IFN-mediated resistance mechanisms to nonviral pathogens remain only partially characterized.

Protective immune responses to cryptococcal infections are thought to require classical type I immunity. These protective responses redirect the Th2 polarization induced by virulent *Cryptococcus* toward Th1 polarization ([@B18][@B19][@B21]). In the lungs, Th1 cells secrete IFN-γ and other factors that recruit and activate effector macrophages to become fungicidal ([@B22][@B23][@B26]). *In vitro* polarized M1 macrophages and macrophages harvested from resistant hosts are cryptocidal, whereas *in vitro* polarized M2 macrophages are permissive ([@B27][@B28][@B33]). Additionally, Th2 T-cell induced M2 polarization may itself be detrimental to the host ([@B34][@B35][@B38]). While the pathway or pathways that underlie the balance between cryptococcus-supportive Th2 induction and host-protective Th1 induction remain incompletely characterized, the importance of this balance is well established ([@B39], [@B40]).

Our previous work showed that exogenous induction of t1IFN by administration of poly(I·C) condensed with poly-[l-]{.smallcaps}lysine and carboxylcellulose (pICLC), a mimetic of viral double-stranded RNA, improved survival and fungal load of C. neoformans-infected mice and that improvement was mediated by classical T helper cell- and IFN-γ-mediated immunity ([@B16]). There pICLC reduced T-cell expression of interleukin-4 (IL-4) and IL-5 (Th2 cytokines) and increased tumor necrosis factor alpha (TNF-α), IFN-γ (Th1), and IL-17a (Th17). pICLC also reduced eosinophilia and increased recruitment of monocyte-derived macrophages. Interference with CD4 T cells, IFN-γ, and IL-17a reversed pICLC-mediated resistance to C. neoformans, consistent with classical Th1 or Th17 immune patterning mediating pICLC C. neoformans resistance ([@B16]).

Thus, the goal of this follow-up study was 2-fold: first, to determine if induction of t1IFN could be selecting against C. gattii in a mouse model simulating AIDS-associated cryptococcosis and, second, to determine if pICLC-mediated resistance against C. gattii is mediated by induction of classical Th1- and IFN-γ-mediated immunity. We approximated the AIDS patient by inducing t1IFN using pICLC and by depleting T cells using genetic and monoclonal antibody depletion models. With either T-cell depletion technique, the mice depleted of T cells and treated with pICLC displayed equally effective resistance to C. gattii infection compared to pICLC-treated mice with intact T-cell compartments. These data contrast with C. neoformans-infected mice, which lose pICLC-mediated resistance when T cells are depleted. Thus, our data demonstrate that t1IFN induced by viral infection may select against C. gattii and not C. neoformans when CD4 T-cell counts are very low in AIDS patients. These data coupled with those showing that IFN-γ and CCR2 were dispensable for pICLC-mediated resistance from C. gattii indicated that induction of Th1 immunity was unlikely to mediate this pICLC effect. Instead we present evidence that pICLC-mediated resistance from C. gattii is mediated by the induction of iron restriction in the lung air spaces.

RESULTS {#s2}
=======

PICLC treatment results in better murine outcomes from C. gattii or C. neoformans infection. {#s2.1}
--------------------------------------------------------------------------------------------

As was previously observed ([@B16]), pICLC treatment improved survival and fungal burden against cryptococcosis caused by either species. In C. neoformans-infected mice, pICLC treatment resulted in an approximately 10-day survival advantage ([Fig. 1A](#fig1){ref-type="fig"}), while in C. gattii-infected mice, pICLC treatment resulted in a marked 60-day survival advantage ([Fig. 1B](#fig1){ref-type="fig"}). These survival advantages were reflected in fungal loads as pICLC modestly reduced lung C. neoformans fungal loads but profoundly reduced brain C. neoformans fungal loads ([Fig. 1C](#fig1){ref-type="fig"}), consistent with our previous report ([@B16]). C. gattii lung fungal loads were more significantly reduced by pICLC treatment ([Fig. 1D](#fig1){ref-type="fig"}). Unlike C. neoformans infection, C. gattii does not accumulate in the brain ([@B16]). Melanoma differentiation-associated protein-5 (MDA-5), a cytosolic sensor protein for double-stranded RNA, was shown to be the major mediator of pICLC effects for C. neoformans ([@B16]). pICLC treatment of MDA-5-deficient mice showed drastically reduced survival of C. gattii infection ([Fig. 1E](#fig1){ref-type="fig"}), confirming that pICLC activity in this model results specifically from pICLC--MDA-5 signaling.

![pICLC treatment improves host outcomes in mouse models of cryptococcosis. (A and B) Survival of C57/BL6 mice infected with C. neoformans (A \[Cn\]) or C. gattii (B \[Cg\]) and treated with pICLC or PBS vehicle control twice a week for the duration of the experiment. Data are from a total of 10 mice per group with 2 independent infections. (C and D) Fungal burdens from indicated organs harvested 21 days postinfection with C. neoformans (C) or C. gattii (D) and treated with pICLC or PBS vehicle control. Data are from 17 to 18 mice per group over 5 independent experiments (C) or 26 mice per group over 8 independent experiments (D). PBS control- versus pICLC-treated groups were compared using Student\'s *t* test. (E) Survival curves of C. gattii-infected MDA-5-deficent mice treated with pICLC or PBS vehicle control. Data are from a total of 15 mice per group with 3 independent infections.](mBio.00799-19-f0001){#fig1}

Histological analysis of lung sections showed that pICLC treatment results in effective containment of C. neoformans, whereas pICLC treatment reduces C. gattii-associated pathology without evident immune containment. After 21 days of infection, C. neoformans showed extensive pulmonary growth and immune cell recruitment but incomplete containment of C. neoformans ([Fig. 2A](#fig2){ref-type="fig"}, [E](#fig2){ref-type="fig"}, and [I](#fig2){ref-type="fig"}). pICLC treatment resulted in markedly better containment of C. neoformans yeast within tightly packed lesions ringed by immune cells allowing relatively healthy lung tissue outside the lesions ([Fig. 2B](#fig2){ref-type="fig"}, [F](#fig2){ref-type="fig"}, and [J](#fig2){ref-type="fig"}; see [Fig. S1J](#figS1){ref-type="supplementary-material"} in the supplemental material). In contrast, C. gattii infection resulted in a diffuse yeast distribution within lung air spaces and few recruited immune cells ([Fig. 2C](#fig2){ref-type="fig"}, [G](#fig2){ref-type="fig"}, and [K](#fig2){ref-type="fig"}). C. gattii infection resulted in widespread disruption of alveoli ([Fig. 2G](#fig2){ref-type="fig"}) and extensive alcian blue- and mucicarmine-positive material in the lung airways ([Fig. 2C](#fig2){ref-type="fig"} and [K](#fig2){ref-type="fig"}). pICLC treatment of C. gattii-infected mice resulted in fewer yeast cells within the lungs and a much more robust recruitment of immune cells. However, most recruited leukocytes were located near airways and not near C. gattii cells, leading to incomplete microbial containment ([Fig. 2D](#fig2){ref-type="fig"}, [H](#fig2){ref-type="fig"}, and [L](#fig2){ref-type="fig"}; [Fig. S1L](#figS1){ref-type="supplementary-material"}). Overall, pICLC treatment reduced the extent of pathological alveolar disruption ([Fig. 2G](#fig2){ref-type="fig"} versus [Fig. 2H](#fig2){ref-type="fig"}) and airway involvement ([Fig. 2C](#fig2){ref-type="fig"} versus [Fig. 2D](#fig2){ref-type="fig"}).

![Histopathological examination of infected mice. Lungs were isolated from infected mice at 21 days postinfection. Panels to the left are from C. neoformans-infected mice, and those on the right are from C. gattii-infected animals. Panels A, B, E, G, I, and K are from PBS-treated animals, while panels C, D, F, H, J, and L are from pICLC-treated animals. Sections pictured in panels A to D were stained with alcian blue (which stains acidic carbohydrates), PAS (which stains neutral carbohydrates), and hematoxylin. Images in panels A to D were acquired using a 2.5× lens objective such that the scale bar in panel B represents 400 μm. Sections pictured in panels E to H were stained with hematoxylin and eosin, while those in panels I and J were stained with mucicarmine and counterstained with hematoxylin. Images in panels E to L were acquired using a 10× lens objective, and the scale bar in panel I represents 100 μm. \* marks examples of airways, tailless arrowheads point toward example areas of leukocyte accumulation without apparent yeast containments, tailed arrows point toward example areas of leukocyte accumulation with containment of infection, and "x" marks an example of alveolar destruction in panel G. Enlarged and cropped versions of panels I through L are shown in [Fig. S1](#figS1){ref-type="supplementary-material"} and explained in the [Fig. S1](#figS1){ref-type="supplementary-material"} legend.](mBio.00799-19-f0002){#fig2}

10.1128/mBio.00799-19.1

Histopathology images magnified to observe yeast-host cell contacts. The images in [Fig. 2I](#fig2){ref-type="fig"} to [L](#fig2){ref-type="fig"} were cropped from rectangles to squares and were enlarged to allow easier observation of yeast cell-to-host cell contacts (arrows in panels I and J) or the lack thereof (K and L). Download FIG S1, PDF file, 1.8 MB.
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pICLC-mediated resistance to C. gattii is independent of CD4 T cells. {#s2.2}
---------------------------------------------------------------------

We hypothesized that some factor or factors of HIV/AIDS select against C. gattii but not C. neoformans. HIV/AIDS is characterized by both elevated t1IFN and depletion of CD4 T cells ([@B9][@B10][@B11]), so to model this immune state as well as to determine the role of CD4 T cells in pICLC-mediated C. gattii resistance, we examined pICLC-treated CD4 T-cell-depleted animals. In C. gattii-infected mice lacking CD4 T cells, due to major histocompatibility complex (MHC) class II genetic deficiency, pICLC treatment resulted in indistinguishable survival between mutant and wild-type mice ([Fig. 3A](#fig3){ref-type="fig"}). This contrasts with previous observations in which pICLC-treated CD4 T-cell-deficient mice were susceptible to C. neoformans infection ([@B16]). To confirm this difference between C. gattii and C. neoformans infections in another model, we used monoclonal antibody to deplete CD4 T cells. In C. neoformans-infected mice, pICLC treatment reduced lung fungal loads in both CD4-depleted and control mice ([Fig. 3B](#fig3){ref-type="fig"}). However, CD4 depletion markedly reversed the pICLC-mediated reduction in brain fungal loads ([Fig. 3C](#fig3){ref-type="fig"}), consistent with the genetic depletion model ([@B16]). In C. gattii-infected mice, pICLC treatment similarly reduced lung fungal loads in both CD4-depleted and control mice ([Fig. 3D](#fig3){ref-type="fig"}). Thus, both models agree that pICLC-mediated resistance to C. gattii was intact in CD4 T-cell-depleted animals, suggesting that CD4 T cells are dispensable for pICLC resistance to C. gattii but critical for pICLC resistance to C. neoformans.

![CD4 T-cells are dispensable for pICLC-mediated resistance to C. gattii. (A) C. gattii (Cg)-infected MHC-II-deficient mice (MHCII KO) and C57BL/6 control mice treated with pICLC or with PBS vehicle control. Data are from 9 or 10 mice per group with 2 independent infections. For panels B to D, mice were depleted of CD4 T cells using anti-CD4 monoclonal antibody and were infected, alongside control mice, with C. neoformans (Cn) (B and C) or C. gattii (D) and treated with pICLC or PBS vehicle as described previously. Mouse lungs (B and D) and brains (C) were harvested 21 days postinfection, and fungal loads were determined. Data are combined from two independent experiments with 6 or 7 total mice per group.](mBio.00799-19-f0003){#fig3}

Neither classical type I immune factors nor pDCs are required for pICLC-mediated resistance. {#s2.3}
--------------------------------------------------------------------------------------------

Productive immunity to C. neoformans typically flows through the classical immune pathway, where type I T-helper cells secrete IFN-γ, which classically activates recruited myeloid cells to become fungicidal ([@B23], [@B27], [@B40]). Resistance to C. neoformans induced by pICLC was shown here ([Fig. 3](#fig3){ref-type="fig"}) and previously ([@B16]) to depend on CD4 T cells and IFN-γ, suggesting that pICLC-mediated resistance flows through this classical pathway for cryptococcal immunity. Since CD4 T cells were not a critical component of pICLC-induced resistance to C. gattii, our next goal was to determine the mechanisms that do mediate this resistance. While we have shown that CD4 T cells are not critical for pICLC-induced resistance to C. gattii, it remained possible that the remaining components of this pathway are activated. IFN-γ is a critical cytokine for activating fungicidal activities in recruited phagocytes, and CCR2-deficient mice do not recruit the monocyte-derived macrophages that can become fungicidal ([@B23]). pICLC-mediated resistance to C. gattii was intact in IFN-γ-deficient ([Fig. 4A](#fig4){ref-type="fig"}) and CCR2-deficient ([Fig. 4B](#fig4){ref-type="fig"}) mice. These data suggest that neither IFN-γ nor monocyte-derived CCR2-dependent macrophages are critical for pICLC-mediated resistance to C. gattii.

![IFN-γ, CCR2, and plasmacytoid dendritic cells are all dispensable for pICLC-mediated resistance to C. gattii. (A) IFN-γ-deficient (IFN-γ KO), (B) CCR2-deficient (CCR2 KO), and C57BL/6 control mice were infected with C. gattii (Cg) and treated with pICLC or PBS as described previously. Data in panel A are combined from two independent experiments with a total of 10 mice per group. Data in panel B are from one experiment with 5 mice per group. (C) Mice were depleted of plasmacytoid dendritic cells using anti-PDCA1 monoclonal antibody, infected with C. gattii, and treated with pICLC or PBS vehicle as described previously. Lung fungal loads 14 days postinfection are shown. Data are combined from two independent experiments with a total of 8 mice per group.](mBio.00799-19-f0004){#fig4}

Plasmacytoid dendritic cells (pDCs) can produce large amounts of t1IFN. Also, a recent study suggested that these cells may be relevant in mouse models of cryptococcosis ([@B41]). pICLC-treated pDC-depleted mice showed a lung fungal burden that was indistinguishable from that of pICLC-treated nondepleted mice ([Fig. 4C](#fig4){ref-type="fig"}), suggesting that pDCs are dispensable for pICLC-mediated resistance. Together these data suggest that the classical anticryptococcal pathway does not mediate pICLC-induced resistance to C. gattii.

pICLC-mediated resistance to C. gattii is β-2-microglobulin dependent but T-cell, B-cell, and NK cell independent. {#s2.4}
------------------------------------------------------------------------------------------------------------------

While investigating immune factors that could underlay pICLC-mediated resistance to C. gattii, we considered whether CD8 T cells could be important for resistance. β-2-Microglobulin (B2m)-deficient mice lack surface (MHC-I) and thus lack CD8 T cells and have been used as a model for CD8 T-cell deficiency ([@B42]). pICLC-treated B2m-deficient mice showed drastically reduced resistance to C. gattii compared to pICLC-treated control mice ([Fig. 5A](#fig5){ref-type="fig"}), suggesting that CD8 T cells may mediate pICLC-induced resistance. However, CD8 T-cell antibody depletion in C. gattii-infected mice did not alter pICLC-mediated resistance as measured by fungal loads ([Fig. 5B](#fig5){ref-type="fig"}). Combined with the results in [Fig. 4](#fig4){ref-type="fig"}, these data illustrate that both CD4 and CD8 T cells are dispensable for pICLC-mediated resistance to C. gattii. To confirm this point as well as to check for possible CD4-CD8 T-cell redundancy in pICLC resistance (either CD4 or CD8 T cells could be required, but not necessarily both), we examined pICLC resistance to C. gattii in T-cell receptor (TCR)-deficient mice, which lack both CD4 and CD8 T cells. TCR-deficient mice showed intact pICLC-mediated reduction in lung fungal burdens compared control mice ([Fig. 5C](#fig5){ref-type="fig"}). Overall, these data suggest that while B2m is somehow critical for pICLC-mediated resistance, CD8 (and CD4) T cells are dispensable.

![pICLC-induced resistance to Cg is β-2-microglobulin dependent but independent of T, B, and NK cells. (A) β-2-Microglobulin-deficient (B2m KO) and C57BL/6 control mice were infected with C. gattii and treated with pICLC or PBS as described previously. Data are combined from three independent experiments with 14 to 17 total mice per group. (B) CD8 T cells were depleted with anti-CD8 monoclonal antibodies (αCD8\#1 indicates clone YTS-169.4, and αCD8\#2 indicates clone 53-6.72) as described in Materials and Methods, and mice were infected with C. gattii and treated with pICLC as described previously. Lung fungal burdens were measured 14 days postinfection, and data are combined from 2 to 3 experiments with *n* = 15 mice per group for the control mice, 6 to 11 mice per group for the anti-CD8\#1 group, and 3 to 7 mice for the anti-CD8\#2 group. (C) B-cell-receptor-deficient (BCR KO), T-cell-receptor-deficient (TCR KO), Rag1-deficient (Rag1 KO), and C57BL/6 control mice were infected with C. gattii and treated with pICLC or PBS as described previously. Lung fungal burdens 14 days postinfection are combined from 2 experiments with *n* = 9 or 10 mice per group. (D) NK cells were depleted with anti-NK1.1 monoclonal antibody, and the mice were infected with C. gattii and treated with pICLC. Lung fungal burdens 14 days postinfection are combined from 2 independent experiments with *n* = 4 to 7 mice per group.](mBio.00799-19-f0005){#fig5}

Because B2m is a cofactor for proteins involved in several pathways, B2m-deficent mice have several immunological and biochemical perturbations aside from CD8 T-cell deficiency. B2m is an important cofactor for the neonatal Fc receptor, which recycles IgG from endosomes, preventing IgG degradation and thereby maintaining serum IgG titers ([@B43][@B44][@B45]); thus, B2m-deficient mice have perturbed antibody-mediated immunity ([@B46]). To test the role of antibody in mediating pICLC-mediated resistance we utilized B-cell receptor (BCR)-deficient mice, which lack B cells and have deficient antibody responses. The pICLC-mediated reductions of C. gattii lung fungal burden were similar between BCR-deficient and control animals ([Fig. 5C](#fig5){ref-type="fig"}). Thus, T cells and B cells are independently dispensable for pICLC-mediated resistance from C. gattii. To rule out any redundancy between these lymphocyte groups, Rag1-deficent mice, which lack both T cells and B cells, were utilized. Again, pICLC-mediated resistance was intact in these C. gattii-infected pICLC-treated Rag1-deficent mice ([Fig. 5C](#fig5){ref-type="fig"}), confirming that pICLC-mediated resistance is independent of T and B cells. B2m deficiency also leads to perturbations in NK cell function ([@B47]). To test the role of NK cells in pICLC-mediated resistance to C. gattii, NK cells were antibody depleted. pICLC-mediated resistance was intact in NK-cell-depleted mice compared to control mice ([Fig. 5D](#fig5){ref-type="fig"}), suggesting that NK cells are also dispensable for pICLC-mediated resistance.

pICLC treatment induces iron limitation in mouse lungs. {#s2.5}
-------------------------------------------------------

B2m is also a cofactor for an iron regulatory protein, called HFE ([h]{.ul}igh iron [Fe]{.ul}), resulting in abnormally elevated iron levels, hemochromatosis, in B2m-deficient mice ([@B48][@B49][@B50]). Thus, the dependence of C. gattii pICLC-mediated resistance on B2m coupled with the independence of the resistance effect from T cells, B cells, and NK cells suggested the hypothesis that pICLC induces pulmonary iron limitation, which inhibits C. gattii. To test this, iron was administered to C. gattii-infected control and pICLC-treated animals. Mice administered FeCl~3~ at 100 μg/dose showed a total loss of pICLC-mediated resistance, as measured by lung C. gattii loads ([Fig. 6A](#fig6){ref-type="fig"}), implying that iron limitation is critical for pICLC-mediated resistance. Next, iron limitation was exogenously induced by dosing mice with an iron chelator (deferasirox \[DFX\]). DFX-treated C. gattii-infected mice showed similarly reduced fungal loads compared to the pICLC-treated mice ([Fig. 6B](#fig6){ref-type="fig"}). DFX-mediated reduction in C. gattii fungal loads was dose dependent ([Fig. 6C](#fig6){ref-type="fig"}). Importantly, dosing C. gattii-infected mice with both pICLC and DFX showed no additional reduction in fungal loads beyond that mediated by pICLC or DFX alone ([Fig. 6B](#fig6){ref-type="fig"}), consistent with these treatments functioning via the same pathway. Together, these data show that iron limitation is necessary for pICLC-mediated resistance to C. gattii and that direct drug-mediated iron limitation is sufficient to provide similar resistance.

![pICLC-induced resistance to C. gattii depends on iron limitation. (A) Mice were infected with C. gattii and treated with pICLC as previously described and given the indicated doses of iron chloride. (B) C57BL/6 mice were infected with C. gattii and treated with pICLC, deferasirox at 400 μg per dose (DFX), or pICLC and DFX. (C) C57BL/6 mice were infected with C. gattii and treated with DFX at the indicated doses. All graphs are lung fungal burdens 14 days postinfection with each combined from 2 independent experiments with *n* = 7 or 8 mice per group.](mBio.00799-19-f0006){#fig6}

Exogenous induction of t1IFN induces accumulation of iron-related proteins in the lung air space. {#s2.6}
-------------------------------------------------------------------------------------------------

To investigate the nature of pICLC-induced iron limitation, we measured the concentrations of iron-associated proteins in lung lavage samples from pICLC-treated versus phosphate-buffered saline (PBS) vehicle-treated control mice. pICLC dosing increased levels of transferrin (TfN) in lung lavage samples compared to those in PBS vehicle-treated control mice ([Fig. 7A](#fig7){ref-type="fig"}). This pICLC-induced TfN expression was similar in C. gattii-infected and uninfected mice, suggesting that the induction of TfN was infection independent and triggered by pICLC alone ([Fig. 7A](#fig7){ref-type="fig"}). pICLC dosing of MDA-5-deficient mice did not result in increased TfN ([Fig. 7B](#fig7){ref-type="fig"}), confirming that TfN induction is specific to pICLC signaling through MDA-5. Similarly, pICLC dosing of IFNar1-deficient mice resulted in lung TfN not significantly different from that in untreated mice ([Fig. 7C](#fig7){ref-type="fig"}), suggesting that most TfN expression depends on t1IFN signaling. While TfN is the major serum iron-binding protein in mammals, ferritin (Ftn) is the major intracellular iron storage protein and is secreted in some settings ([@B51]). Significantly higher levels of Ftn were observed in lavage from pICLC-treated compared to untreated mice ([Fig. 7D](#fig7){ref-type="fig"}). This pICLC-increased Ftn expression was also MDA-5 dependent ([Fig. 7D](#fig7){ref-type="fig"}). Ceruloplasmin (CP) is a serum ferroxidase protein that facilitates iron loading into TfN ([@B52]). pICLC treatment highly induced CP in an MDA-5-dependent manner ([Fig. 7E](#fig7){ref-type="fig"}). Hemopexin (Hpx), haptoglobin (Hap), and Ngal/lipocalin-2 are mammalian proteins that sequester iron from heme, hemoglobin, and siderophores, respectively ([@B53]). Hpx ([Fig. 7F](#fig7){ref-type="fig"}) and Ngal ([Fig. 7H](#fig7){ref-type="fig"}) were substantially induced by pICLC, with only a moderate induction of Hap ([Fig. 7G](#fig7){ref-type="fig"}), and as with TfN, Ftn, and CP, the induction of these proteins was entirely MDA-5 dependent. Thus, pICLC signaling through MDA-5 induces expression of several iron-scavenging proteins into the lung air space fluids.

![Iron-binding proteins are expressed into the lung air space in response to pICLC. The indicated strains of mice were treated with pICLC or PBS vehicle control, and then after 1 week of treatment, the mice were sacrificed and bronchoalveolar lavage samples were collected for each mouse. The indicated mice in panel A were infected with C. gattii, while all other mice were uninfected. Lavage samples were analyzed by ELISA for transferrin (A to C), ferritin (D), ceruloplasmin (E), hemopexin (F), haptoglobin (G), and Ngal/lipocapin-2 (H), and total iron levels were determined by ICP-MS (I) as described in Materials and Methods. For panels A to H, data are from 8 to 18 mice combined from 2 to 4 independent experiments, while for panel I, data are from 33 to 34 mice combined from 7 independent experiments. For panel J, estimated total iron binding capacity (eTIBC) and estimated spare iron binding capacity (eSIBC) were calculated as described in Materials and Methods. For panel J, 9 or 10 mice were analyzed from 2 independent experiments.](mBio.00799-19-f0007){#fig7}

If iron restriction is mediated by iron binding, it follows that the iron concentration does not exceed the iron binding capacity of the induced proteins. Inductively coupled plasma mass spectrometry (ICP-MS) measurement of iron concentrations in lung lavage samples showed that pICLC dosing induced a modest increase in iron levels ([Fig. 7I](#fig7){ref-type="fig"}) that was specific to MDA-5 signaling ([Fig. 7J](#fig7){ref-type="fig"}). However, this modest pICLC-induced increase in iron was significantly less than the MDA-5-dependent pICLC-induced increase in predicted iron binding capacity ([Fig. 7J](#fig7){ref-type="fig"}).

Iron-binding proteins inhibit both *Cryptococcus* species *in vitro* but are more potent against C. gattii. {#s2.7}
-----------------------------------------------------------------------------------------------------------

Since *in vivo* inhibition of C. gattii by pICLC requires iron restriction ([Fig. 6](#fig6){ref-type="fig"}) and pICLC treatment induces proteins with spare iron binding capacity ([Fig. 7](#fig7){ref-type="fig"}), secretion of these proteins may be a potential mediator of the observed C. gattii inhibition. Thus, the direct anticryptococcal activities of TfN and Ftn were measured *in vitro*. TfN ([Fig. 8A](#fig8){ref-type="fig"}) and Ftn ([Fig. 8B](#fig8){ref-type="fig"}) directly inhibited both cryptococcal species, and interestingly, TfN and Ftn were both more potent inhibitors of C. gattii than C. neoformans. Cryptococcal growth inhibition by 10 μM TfN was reversed with the addition of 40 μM iron with either C. gattii or C. neoformans ([Fig. 8C](#fig8){ref-type="fig"}). Importantly, the addition of 40 μM iron did not appreciably change the growth of C. gattii or C. neoformans without iron-binding proteins, so this was a specific reversal of TfN-mediated inhibition and not a general growth rate improvement. Similarly, cryptococcal inhibition with 0.1 μM Ftn was reduced by increasing doses of iron with complete reversal of inhibition at 40 μM iron ([Fig. 8D](#fig8){ref-type="fig"}). Thus, the iron-binding proteins TfN and Ftn directly inhibit cryptococcal growth via a mechanism that requires iron limitation. Overall, the effective growth inhibition of C. gattii by TfN and Ftn is consistent with the induction of these iron-binding proteins underlying the pICLC-mediated resistance to C. gattii.

![Transferrin and ferritin directly inhibit cryptococcal growth by restricting iron. *In vitro* growth of *Cryptococcus* species was measured after 24 h of incubation with the indicated concentrations of apo-transferrin (A \[apo-TfN\]) or ferritin (B \[Ftn\]). For panels A and B, data are normalized to data from wells without TfN or Ftn; these control wells are plotted as the leftmost points for each species. Growth of C. gattii and C. neoformans was measured in inhibitory concentrations of TfN (C) or Ftn (D) or controls without iron-binding protein ("No IBP") with the indicated concentrations of Fe. In panels C and D, data are normalized to the average of all of the corresponding "No IBP" wells. For panels A to C, data are combined from 3 independent experiments with a total of *n* = 12. For panel D, data are combined from 5 independent experiments with a total of *n* = 20. For all panels, \* indicates a statistically significant difference (*P* \< 0.0005) and "o" indicates no statistically significant difference (*P* \> 0.05) between the indicated data point and the corresponding no-TfN or no-Ftn control. Thus, the indicated points are compared to the far-left point of panel A or B and the corresponding "No IBP" point for panels C and D. \# indicates a statistically significant difference (*P* \< 0.0005) between C. gattii and C. neoformans at the indicated concentration of TfN or Ftn. Note that all other C. gattii versus C. neoformans comparisons in panels A to D were tested and found to be not statistically different.](mBio.00799-19-f0008){#fig8}

DISCUSSION {#s3}
==========

The data presented here and in our previous work ([@B16]) conclusively show t1IFN induction dramatically reprograms the immune response to more efficiently contain C. neoformans in the lungs of mice. Moreover, t1IFN-mediated resistance to C. neoformans depends on CD4 T-cells ([Fig. 3](#fig3){ref-type="fig"}) ([@B16]), but resistance to C. gattii does not. These data suggest explanations for several clinical observations of cryptococcosis in AIDS patients. t1IFN-mediated cryptococcal resistance predicts that the early stage of HIV infection, which generates high levels of t1IFN, would render the host resistant to cryptococcal infection by either species. This is consistent with clinical observations that cryptococcosis is not common during early stage HIV, before CD4 T-cell levels are very low ([@B8], [@B54]). Our data also suggest that once CD4 T cells are depleted during advanced AIDS, the t1IFN resistance to C. neoformans infection would be lost even if t1IFN levels are maintained. This is consistent with the well-documented susceptibility of individuals with advanced AIDS to C. neoformans meningoencephalitis. In contrast to the situation with C. neoformans, t1IFN-induced resistance to C. gattii does not depend on CD4 T cells, and thus individuals with advanced AIDS would likely remain protected from C. gattii, consistent with the clinical observation that AIDS patients present with C. gattii infection much less frequently than C. neoformans.

In studies aimed to determine the mechanisms which mediate pICLC-induced resistance to C. gattii, we probed several factors usually involved in cryptococcal immunity. The current immunological paradigm for *Cryptococcus* resistance is CD4 T-cell-secreted IFN-γ activates recruited macrophages to become fungicidal ([@B18], [@B22][@B23][@B26], [@B31]). However, T cells, IFN-γ, and recruited (CCR2) macrophages were dispensable for pICLC-mediated C. gattii resistance ([Fig. 3](#fig3){ref-type="fig"} and [5](#fig5){ref-type="fig"}). These data make it unlikely that this classical resistance pathway has an important role in pICLC-mediated resistance to C. gattii. Histopathological examination of pICLC-treated C. gattii-infected lungs showed that while there was substantial leukocyte recruitment to the lungs, there was little cellular recruitment to the areas of concentrated infection. Instead, leukocytes were concentrated near vasculature and airways---presumably the sites of leukocyte entry into the lungs and pICLC-receptor signaling, respectively ([Fig. 2](#fig2){ref-type="fig"}). Additionally, there was little evidence of C. gattii-leukocyte contact or C. gattii phagocytosis, even in pICLC-treated mice ([Fig. S1K](#figS1){ref-type="supplementary-material"} and [L](#figS1){ref-type="supplementary-material"}). This contrasted with pICLC-treated C. neoformans-infected lungs, where recruited leukocytes organized to contain C. neoformans with evident C. neoformans-phagocyte contacts, including phagocytosed yeast ([Fig. 2E](#fig2){ref-type="fig"} and [F](#fig2){ref-type="fig"}; [Fig. S1J](#figS1){ref-type="supplementary-material"}). Together, these data suggest that the pathway of IFN-γ-activating fungicidal macrophages is not a critical mechanism mediating pICLC resistance against C. gattii. Furthermore, very little direct immune cell-C. gattii engagement was observed ([Fig. S1L](#figS1){ref-type="supplementary-material"}), so direct cellular immunity seems unlikely, although it cannot be ruled out. This is consistent with soluble factors mediating pICLC-induced C. gattii resistance.

These results point to lung air space iron limitation as one such soluble factor that mediates pICLC-induced resistance to C. gattii. This conclusion is based on the data presented in [Fig. 6](#fig6){ref-type="fig"} which show addition of iron reverses pICLC C. gattii resistance and pharmacological iron limitation phenocopies pICLC resistance. All fungal pathogens (and nearly all microbes) require iron as a critical cofactor for various enzymes. Importantly, *Cryptococcus* requires iron as a critical cofactor for enzymes in the ergosterol synthesis pathway, which is critical for growth ([@B55], [@B56]). Iron availability is sensed as a proxy for the host environment such that low-iron conditions trigger elaboration of the major cryptococcal virulence factors, including capsule, cell wall melanin, and 37°C thermotolerance ([@B57]). *Cryptococcus* contains and expresses iron uptake genes involved in siderophore binding, heme, and high-affinity reductive uptake ([@B58]). Our data demonstrate pICLC induces host proteins capable of sequestering iron from each of these uptake pathways ([Fig. 7](#fig7){ref-type="fig"}). That said, only minor roles have been demonstrated for the heme and siderophore uptake pathways in cryptococcal mouse models, while deletion of any part of the high-affinity reductive pathway substantially reduces virulence ([@B56], [@B59][@B60][@B62]). An important consideration is that almost all published *Cryptococcus* iron acquisition studies utilize C. neoformans, and thus C. gattii iron uptake in the host has not been characterized and may be substantially different. The cryptococcal high-affinity reductive uptake system requires reduction of ferric (III) to ferrous (II) iron, followed by uptake and reoxidation by a separate complex ([@B58]), so free ferrous iron could be vulnerable during this pathway to host proteins. Of note, soluble TfN ([@B63]) and Ftn ([@B64]) and lactoferrin, a related protein ([@B48]), have antimicrobial effects in other systems. While further studies are required to determine the mechanism(s) by which iron-binding proteins inhibit cryptococcal growth, host expression of iron-binding proteins seems likely to interfere with critical iron acquisition.

Iron restriction is a well-established host strategy utilized to limit microbial iron access ([@B53]), best characterized during inflammatory extracellular bacterial infection. Systemic inflammatory cytokines trigger signals causing splenic and liver macrophages to retain iron liberated by homeostatic erythrocyte turnover, resulting in a global reduction of circulating iron. If inflammation persists, erythrocyte progenitors cannot accumulate sufficient iron, resulting in anemia. Parallel to this, iron-scavenging acute-phase proteins, including Ftn, Hpx, Hap, and Ngal, are secreted into blood during inflammation. Intracellular bacterial infection triggers an independent response that transports iron out of both the bacterium-containing vacuole and the phagocyte cytosol. Our data suggest a novel system considerably different from these previously characterized iron restriction systems. First, iron restriction in response to t1IFN has not been well characterized. Second, the iron restrictive effect observed here is most likely local to the lungs or perhaps local microenvironments as we were unable to detect any pICLC-mediated changes to serum TfN or iron levels (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). Additionally, it is interesting to note that local iron levels did not actually decrease with pICLC treatment ([Fig. 7I](#fig7){ref-type="fig"}). This contrasts with the previously characterized systems, which deplete iron from the site of infection. The data presented above suggest that pICLC signaling through MDA-5 induces a set of host factors capable of scavenging free and prosthetic-bound iron in the lung air space fluids. This iron restriction system has potential relevance in a variety of infectious models beyond cryptococcosis.
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pICLC treatment does not change systemic transferrin or iron levels. Serum samples from C. gattii (Cg)-infected mice treated with pICLC or PBS vehicle control were analyzed for TfN (A) or total iron levels (B). Twelve to 16 mice were analyzed from 3 independent experiments. Note that statistical analysis was conducted as described previously, with no significant differences noted. Download FIG S2, PDF file, 0.7 MB.
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While exogenous t1IFN induction mediated significant resistance to both species of *Cryptococcus*, the role of endogenous t1IFN during cryptococcal infection seems to depend highly on the strains and conditions used. Our previous study ([@B16]), along with two others ([@B65], [@B66]), suggests a host protective role for endogenous t1IFN in C. neoformans infection with a possible role in driving productive immunity. In contrast, a separate study showed a host detrimental role for endogenous t1IFN during C. neoformans infection, with t1IFN driving nonproductive immune responses ([@B67]). Another group observed that coinfection with C. gattii and influenza virus, which induces high levels of t1IFN along with other inflammatory mediators, induced a marked inflammatory lung pathology increase without much change in fungal loads ([@B68]). Note that several different C. neoformans and mouse strains were used in these studies, perhaps accounting for their contrasting outcomes. In fact, even within this project, we observed substantially superior pICLC-mediated resistance to C. gattii compared to C. neoformans ([Fig. 1](#fig1){ref-type="fig"}). This was especially interesting considering that pICLC induced a robust immune containment ([Fig. 2](#fig2){ref-type="fig"}) and the induction of classical anticryptococcal pathways against C. neoformans ([Fig. 3](#fig3){ref-type="fig"}) ([@B16]). One possible explanation for the more robust pICLC-mediated resistance to C. gattii than C. neoformans is that C. gattii is more sensitive to iron-binding protein inhibition ([Fig. 7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}). While further studies are required to fully understand the differences in pICLC-mediated resistance to C. gattii versus C. neoformans, the superior pICLC-mediated resistance to C. gattii compared to C. neoformans and the T-cell dependence of pICLC resistance to C. neoformans but not C. gattii are both consistent with HIV infection selecting against C. gattii in favor of C. neoformans.

MATERIALS AND METHODS {#s4}
=====================

*Cryptococcus* strains and culture. {#s4.1}
-----------------------------------

Cryptococcus neoformans H99 and Cryptococcus gattii R265 were maintained as frozen stocks at −80°C in 20% glycerol. For mouse infection, fresh cultures from stocks were shaken overnight in YPD (yeast extract-peptone-dextrose \[MP Biomedicals, Santa Ana, CA\]) at 30°C, rinsed, enumerated, and diluted to 5,000 yeast cells per mouse (20 μl per mouse) in sterile PBS.

Mice. {#s4.2}
-----

Wild-type C57BL/6 mice were purchased from Taconic (Germantown, NY). MDA-5^−/−^, IFNar1^−/−^, MHC-II^−/−^ (C57BL/6NTac-\[KO\]AbB), B~2~m^−/−^, IFN-γ^−/−^, BCR^−/−^ (C57BL/10SgSnAi-\[KO\]uMT), TCR-α^−/−^, RAG1^−/−^, and CCR2^−/−^ mice were purchased under the NIAID Taconic supply agreement. All mice were females of ages 8 to 12 weeks at the start of experiments.

Ethics statement. {#s4.3}
-----------------

The Institutional Animal Care and Use Committee of the National Institute of Allergy and Infectious Diseases approved all animal studies (approval no. LCIM-5E). Studies were performed in accordance with the recommendations of the *Guide for the Care and Use of Laboratory Animals* of the National Institutes of Health ([@B69]).

Administration of microbes and treatments to mice. {#s4.4}
--------------------------------------------------

*Cryptococcus*, pICLC, iron (ferric) chloride, and DFX were administered by intrapharyngeal aspiration. All treatments started the day of or the day before infection and extended for the duration of each experiment. pICLC (Hiltonol supplied by Oncovir, Inc.) was administered at 5 μg per dose twice per week. Sterile filtered ferric chloride (Sigma-Aldrich) was neutralized with sodium hydroxide and diluted in sterile PBS to the doses indicated and given three times per week. DFX was purchased as ExJade (125 mg deferasirox tablets for oral administration) from Novartis through the NIH veterinary pharmacy. ExJade tablets were resuspended and diluted in sterile PBS and administered three times per week.

Mouse infection studies. {#s4.5}
------------------------

Infected mice were observed daily for indications of disease and discomfort. Mice that had progressed to irreversible disease (inability to access food or water, persistent lethargy, or severe neurological symptoms) were euthanized. In some experiments, mice were euthanized at predetermined time points following infection (as indicated in the figures and legends). Lungs and brains were harvested from euthanized mice and homogenized by a probe homogenizer, and fungal loads were determined by dilution plating for CFU.

Histology. {#s4.6}
----------

Following euthanasia, mouse lungs were inflated with formalin and then removed and formalin fixed. Paraffin embedding, sectioning, and staining were performed by Histoserv, Inc. (Germantown, MD). The alcian blue, periodic acid-Schiff (PAS), mucicarmine, and hematoxylin and eosin stains were used as indicated in the legend to [Fig. 2](#fig2){ref-type="fig"}. Stained tissue sections were imaged by color digital camera microscopy using a Zeiss Axio Observer inverted microscope and Zeiss Zen microscope software (Carl Zeiss Microscopy, Jena, Germany) with consistent microscope settings for each magnification. Images were identically scaled, cropped, and resized in Zeiss Zen software.

Monoclonal antibody depletion. {#s4.7}
------------------------------

All monoclonal antibodies used for depletion studies were purchased from BioXcell (West Lebanon, NH). Anti-CD4 (clone GK1.5) and anti-CD8a antibodies (clones YTS-169.4 and 53-6.72) were intraperitoneally injected (100 μg per dose) on days relative to the day of infection −8, −5, −1, and +1 and twice a week thereafter. Anti-NK1.1 monoclonal antibody (clone PK136) was injected (100 μg per dose) on days −1 and +1 and twice a week thereafter. Anti-PDCA1 antibody (clone BX444) was injected (250 μg per dose) on days −2, −1, and +1 and twice a week thereafter.

Bronchoalveolar lavage of mice. {#s4.8}
-------------------------------

Following euthanasia, lungs were lavaged using 1 ml sterile PBS with EDTA-free protease inhibitor (Roche). For iron measurement experiments, this buffer was pretreated with Chelex-100 resin (Bio-Rad) to remove trace iron and then filter sterilized. Recovery and quality of lavage fluid were assessed, and then lavage fluid was centrifuged, and supernatants were stored frozen for subsequent analysis. Enzyme-linked immunosorbent assays (ELISAs) detecting transferrin, ferritin, hemopexin, haptoglobin, and Ngal/lipocapin2 were performed using kits from Immunology Consultants Laboratory, Inc. (Portland, OR), and an ELISA for ceruloplasmin from LifeSpan Biosciences, Inc. (Seattle, WA). In [Fig. 7J](#fig7){ref-type="fig"}, lavage samples were split, and TfN, Ftn, and total iron were measured (as described below). For these split samples, estimated total iron binding capacity (eTIBC) was calculated by converting the TfN and Ftn mass-per-milliliter ELISA measurements into micromolar using molecular weights (80 kDa for TfN and 480 kDa for Ftn). The molar protein concentrations were then converted to binding capacities by multiplying by the binding capacity of each iron binding complex. (TfN has 2 iron binding sites, whereas Ftn can bind about 4,500 iron ions \[[@B53]\].) These individual binding capacities for individual samples were summed to equal the eTIBC (TfN binding capacity + Ftn binding capacity = eTIBC). Estimated spare iron binding capacity (eSIBC) = eTIBC -- total iron concentration measured by ICP-MS (described below).

Iron measurement. {#s4.9}
-----------------

Serum iron levels were analyzed by the NIH Department of Laboratory Medicine using the Iron Gen.2 assay on Cobas 501 or 502 analyzers (Roche Diagnostics, Switzerland). In preliminary data, iron levels in lavage samples were below reliable detection limits using this assay, thus requiring more sensitive detection methods.

Mouse lavage iron levels were measured via ICP-MS analysis. All solutions were prepared using ultrapure water (18 MΩ cm^−1^ \[Millipore Milli-Q Element, Bedford, MA\]). Standards and the internal standard (indium) were prepared by serial dilution from 1,000-mg liter^−1^ stock solutions (Inorganic Ventures) in 2% nitric acid (Fisher Scientific). All plasticware was preleached with 5% nitric acid for at least 24 h. Samples and standards were diluted 1:5 with 2% nitric acid containing 50 ppb indium. ICP-MS analysis was performed with a Thermo iCAP Q running in kinetic energy discrimination collision cell mode, a PFA microflow nebulizer (Elemental Scientific, Omaha, NE), and a cyclonic spray chamber. Samples were measured in triplicate, and all calibration curves exceeded *R*^2^ ≥ 0.999.

*In vitro* inhibition assays. {#s4.10}
-----------------------------

Experiments and precultures were performed in sterile RPMI 1640 medium without [l-]{.smallcaps}glutamine (Quality Biological, Gaithersburg, MD) containing 165 mM MOPS (morpholinepropanesulfonic acid \[Sigma-Aldrich\]) at pH 7.0. Fresh cultures from frozen stocks were shaken overnight in RPMI at 37°C and 5% CO~2~, rinsed, enumerated, and diluted in RPMI-MOPS. Ferritin from equine spleen (Sigma-Aldrich), human apo-transferrin (Sigma-Aldrich), and/or iron (EMD Millipore), and C. neoformans or C. gattii (final concentration of 80,000 per ml) in RPMI-MOPS with 1 μM iron were arrayed in a 2-ml-deep-well plate in a final volume of 0.4 ml/well. The culture plate was sealed with a gas-permeable membrane (USA Scientific, FL) and shaken at 37°C and 5% CO~2~ for 24 h. Fungal growth and inhibition were determined by dilution plating for CFU. Data were normalized to a percentage of the control by the following formula: 100 × (experimental no. of CFU)/(control no. of CFU). The control conditions used to normalize each experiment are indicated in the legend to [Fig. 8](#fig8){ref-type="fig"}.

Statistical analysis. {#s4.11}
---------------------

Experimental significance tests were performed as indicated using GraphPad Prism (San Diego, CA). Briefly, mouse mortality was compared pairwise by Mantel-Cox log rank test. Log~10~-transformed fungal loads were compared by analysis of variance (ANOVA). Subsequent multiple comparisons were done with pairwise Student's *t* tests with Tukey's correction. Each graphed point represents one mouse with indicated plotted means and error bars representing the standard error of the mean (SEM). For all comparison testing, \* indicates *P* \< 0.05, \*\* indicates *P* \< 0.005, \*\*\* indicates *P* \< 0.0005, and "nsd" indicates not statistically different (*P* \> 0.05).
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